Older adults have serious difficulty seeing under low illumination and at night, even in the absence of ocular disease. Optical changes in the aged eye, such as pupillary miosis and increased lens density, cannot account for the severity of this problem, and little is known about its neural basis. Dark adaptation functions were measured on 94 adults ranging in age from the 20s to the 80s to assess the rate of rod-mediated sensitivity recovery after exposure to a 98% bleach. Fundus photography and a grading scale were used to characterize macular health in subjects over age 49 in order to control for macular disease. Thresholds for each subject were corrected for lens density based on individual estimates, and pupil diameter was controlled. Results indicated that during human aging there is a dramatic slowing in rod-mediated dark adaptation that can be attributed to delayed rhodopsin regeneration. During the second component of the rod-mediated phase of dark adaptation, the rate of sensitivity recovery decreased 0.02 log unit/min per decade, and the time constant of rhodopsin regeneration increased 8.4 s/decade. The amount of time to reach within 0.3 log units of baseline scotopic sensitivity increased 2.76 min/decade. These aging-related changes in rod-mediated dark adaptation may contribute to night vision problems commonly experienced by the elderly.
Introduction
A ubiquitous visual problem of growing old is difficulty seeing under low illumination and at night, even for those older adults who are free of ocular disease (Sloane, Owsley & Alvarez, 1988; Sloane, Owsley, & Jackson, 1988; Kosnik, Winslow, Kline, Rasinski & Sekuler, 1988; Sturr, Zhang, Taub, Hannon & Jackowski, 1997; Jackson, Owsley Cordle, & Finley, 1998) . Poor vision under reduced light levels in the elderly hinders the performance and enjoyment of visual activities (Mangione, Berry, Spritzer, Janz, Klein, Owsley et al., 1998) , and has been linked to their involvement in motor vehicle collisions and falls that result in injury (Mortimer & Fell, 1989; Massie, Campbell & Williams, 1990; McMurdo & Gaskell, 1991) . Although increased optical density of the aged crystalline lens and pupillary miosis contribute to older adults' visual threshold elevation in the dark, they are not primarily responsible for this sensitivity loss (Sturr et al., 1997; Jackson et al., 1998) . Little is known about the neural contribution to this deficit. By the seventh decade of life, the density of rod photoreceptors decreases dramatically in the peri-macula as indicated by studies on donor retinas (Gao & Hollyfield, 1992; Curcio, Millican, Allen & Kalina, 1993) . However, scotopic sensitivity loss in older adults is observed in peripheral retinal areas where there is negligible rod loss and is not accentuated in the areas of heightened rod loss (Jackson et al., 1998) , suggesting that rod loss cannot account for older adults' sensitivity impairment in the dark. Furthermore, there is little change in the amount of rod photopigment, rhodopsin, throughout adulthood (Plantner, Barbour & Kean, 1988; Liem, Keunen, van Norren & van de Kraats, 1991; Van Kuijk, Lewis, Buck, Parker & Kliger, 1991) .
An alternative hypothesis to explain older adults' scotopic sensitivity loss is that the visual cycle, the biochemical pathway responsible for rhodopsin regeneration, is perturbed with age. The visual cycle includes the production of 11-cis-retinal from retinoid and the subsequent regeneration of rhodopsin. Slowing of the visual cycle results in a prolongation of dark adaptation kinetics. Dark adaptometry techniques can estimate the time constants associated with the visual cycle by measuring the recovery of light sensitivity after exposing the photopigment to an intense light that bleaches the photopigment (Hecht, Haig & Chase, 1937; Alpern, 1971; Barlow, 1972; Rushton & Powell, 1972; Leibrock, Reuter & Lamb, 1998) . Prior studies on dark adaptation in older adults (Birren & Shock, 1950; McFarland, Domey, Warren & Ward, 1960) reported impaired light sensitivity, similar to that described above (Sturr et al., 1997; Jackson et al., 1998) , but reported no aging-related change in the rate of rod-mediated dark adaptation. Interestingly, the rate of foveal cone dark adaptation does slow with aging (Coile & Baker, 1992) .
Earlier studies on aging and rod-mediated dark adaptation had a host of methodologic problems, suggesting that these studies not be viewed as definitive. Thresholds were measured at time intervals too infrequent to allow adequate estimation of the dark adaptation function. Subjects were not screened for ocular diseases common in older adults known to affect photoreceptor function (e.g. age-related macular degeneration). The rate of recovery of rod-mediated sensitivity was only quantified by the rod -cone break, the point in time when rods become more sensitive than cones. Because the rod-cone break is dependent upon the functioning of both rods and cones, it is an inappropriate measurement of the rate of rod-mediated sensitivity recovery.
The present study measured the rate of rod-mediated sensitivity recovery in adults ranging in age from the 20s to the 80s. Our work improved on earlier studies in the following ways: (1) Thresholds were measured at highly frequent intervals during the time course of dark adaptation in order to provide valid estimates of dark adaptation kinetics. (2) The retinal health of older subjects was documented with fundus photography and subsequently evaluated by a trained grader using a grading scale and photographic standards; this approach minimizes bias when characterizing the retinal health of older adults. (3) Lens density was estimated for each individual subject, rather than relying on group data from other studies on lenticular light absorption. Lens density varies greatly among older adults. (4) Important parameters during the course of dark adaptation were determined by an objective statistical technique, rather than relying on 'hand-fitting' or visual inspection of the data, both inherently subjective and prone to bias.
Methods

Subjects
The study sample consisted of 94 adults ranging in age from the 20s to 80s (20s n= 10, 30s n= 8, 40s n= 10, 50s n= 20, 60s n= 21, 70s n= 17, 80s n=8). There were 55 females and 39 males; 86 were Caucasian, 7 African American, and 1 Asian. Informed consent was obtained from all subjects after the nature and possible consequences of participation were explained. Subjects had 20/25 acuity or better (best-corrected, distance) as measured on the ETDRS chart (Ferris, Kassoff, Bresnick & Bailey, 1982) on the day of testing in both eyes. Subjects were free of a diagnosis of cataract, age-related macular degeneration (AMD), glaucoma, diabetes, or any other eye or neurological condition known to compromise visual function, as indicated by the medical record notes from a comprehensive eye examination within 12 months of testing. The presence of pathology in the sample would confound our interpretation of the aging-related changes in dark adaptation that we may have found. To ensure that older subjects did not have AMD, a relatively common retinal disease in the elderly (Kahn, Leibowitz, Ganley, Kini, Colton, Nickerson et al., 1977; Klein, Klein & Linton, 1992) , those over age 49 underwent stereographic fundus photography on the day of testing; photographs were taken on the eye to be tested. A trained grader with experience grading retinal photographs for clinical trials used a standardized scale of macular health to evaluate photographs, as listed in Table 1 and described previously in earlier work (Jackson et al., 1998) . The grader was unaware of the subject's visual functional status, prior ocular diagnoses, and age. Fundus grading indicated that no subjects over age 49 exhibited geographic atrophy or choroidal neovascularization (grades 3, 4, or 5). Thirtyone subjects had grade 0, 14 grade 1, and 21 grade 2. Dark adaptation functions were measured using a modified Humphrey Field Analyzer (HFA) (Humphrey Instruments, Inc.), a computer-automated perimeter for measurement of light sensitivity described in detail elsewhere (Jackson et al., 1998 ). An infrared CCD camera and light source to monitor fixation in the dark and an additional filter wheel to control target wavelength were installed in the HFA. Prior to the bleach, each subject's baseline sensitivity was measured after 30 min of adjustment to the dark using a three down -one up modified threshold procedure. The test target consisted of a 500 nm (Ealing c 35-3508, FWHM 7.4, Peak 50%) circular test-spot, subtending 1.7°of visual angle and located 12°in the inferior visual field on the vertical meridian.
After baseline sensitivity measurement, the test eye then underwent a bleach (0.25 ms) using an electronic flash of white light (Sunpak 622 Super, Tocad, Ltd.) that produced a measured intensity of 7.65 log scotopic Trolands. This flash produced an expected 98% bleach in the affected area of the retina to be tested (Pugh, 1975) . Threshold measurements began immediately following flash offset. An external microcomputer (Macintosh 840AV, Apple, Inc.) controlled the psychophysical procedure and recorded responses. A three down-one up modified staircase threshold procedure was used to estimate threshold. Target intensity started at 4.85 cd/m 2 . Targets were presented every 2 -3 s for a duration of 200 ms. The subject's eye with the better acuity was tested; otherwise, the right eye was tested if the acuity was the same in both eyes. The subject's head was positioned on a chin/forehead rest. The test eye was aligned to the fixation light using the camera built into the HFA. The distance from the subject's test eye to the fixation light was 30 cm. Subjects viewed the test target with their best optical correction for the test distance. The fellow eye was patched. The subject's task was to press a response button when the target was visible. The subject had 750 ms to make a response after target onset. If the subject did not respond to the target, the target intensity remained at 4.85 cd/m 2 until the subject responded. If the subject indicated the target was visible, the target intensity was decreased by 0.3 log units steps on successive trials until the subject stopped responding that the target was present. After the subject responded that the stimulus was invisible, target intensity was increased by 0.1 log units until the subject responded that the target was once again visible. This target intensity was defined as threshold. Successive threshold measurements started with a target intensity 0.3 log units brighter than the previous threshold estimate. Threshold estimates were made twice every minute for the first 25 min and twice every 2 min thereafter. Dark adaptation measurement stopped when the subject's sensitivity was within 0.3 log units of the previously measured baseline sensitivity.
To control for pupil size, subjects were dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride prior to testing. All subjects achieved a pupil diameter of ]6 mm which was verified under scotopic conditions before and after dark adapometry. To estimate lens density that increases with age (Said & Weale, 1959; Pokorny, Smith & Lutze, 1987) , the tested eye of each subject's lens density was estimated psychophysically using Sample's procedure and expressed in lens density index units (LDI) (Sample, Esterson, Weinreb & Boynton, 1988; Sample, Esterson & Weinreb, 1989) . Prior to data analysis as discussed below, each subject's thresholds were corrected for his/her individual lens density estimate as described in our previous work (Jackson et al., 1998) .
Dark adaptation functions were expressed as log sensitivity as a function of time (minutes) after the bleach offset. Each subject's data was fit with two dark adaptation models. The first model was a four-linear component model. This model is based on Lamb's model of rod-mediated dark adaptation (Lamb, 1981; Lamb, Cideciyan, Jacobson & Pugh, 1998; Leibrock et al., 1998) . The four-linear-component model fits twolinear-components to the cone-mediated phase, and two-linear components to the rod-mediated phase of the function. Because the cone-mediated phase obscures the first component of rod-mediated dark adaptation, the rod-mediated phase of dark adaptation was fitted by the two-linear components. From this model, the rod-cone break, rates of rod-mediated sensitivity recovery and time constants of the second and third components of dark adaptation can be estimated. The rod-cone break was examined for comparisons to the previous literature on aging and dark adaptation. The rates of sensitivity recovery during the second and third component of dark adaptation were chosen because they are largely dictated by the rate of rhodopsin regeneration, as indicated by electrophysiological work on animal models (Dowling, 1960; Baylor, Matthews & Yau, 1980; Lamb, 1980 Lamb, , 1981 and retinal densitometry findings in humans (Rushton, Campbell, Hagins & Brindley, 1955) .
The traditional two-exponential model of dark adaptation (e.g. Alpern, 1971; Rushton & Powell, 1972 ) was also applied to each subject's data. This model fits a single exponential function separately to the cone-mediated phase and the rod-mediated phase of dark adaptation. The rod-cone break and the time constants of cone-mediated and rod-mediated dark adaptation were estimated from this model.
A non-linear regression technique was used to fit the dark adaptation models to the data (McGwin, Jackson & Owsley, in press). A statistical approach was chosen over subjective 'eyeball' methods because it is non-biased, allows one to simultaneously estimate transition times and rates of sensitivity recovery, and permits the 
Results
To illustrate how the dark adaptation function changes with age, subjects were grouped by decade, and the model described above was fit to each decade of subjects separately. These models are plotted in Fig. 1 . With increasing age during adulthood, the dark adaptation function for each decade progressively shifts to the right indicating a generalized slowing of the dark adaptation process during the aging process.
In order to statistically evaluate aging-related changes in dark adaptation parameters, each subject's data was individually fit by the four-linear-component model. In addition to the previously described parameters, the time constant shown to represent rhodopsin regeneration during the second and third components of rod-mediated dark adaptation (Leibrock et al., 1998) was subsequently estimated by fitting an exponential curve to the linear threshold as a function of time (minutes). The mean values and standard deviation of each dark adaptation parameter stratified by decade are listed in Table 2 . Fig. 2 illustrates that all these parameters change with age; linear regression was performed to statistically verify that each of the parameters changed with age. The rod-cone break increased at a rate of 39. use of untransformed data so that parameter estimates are in meaningful units. It can accomplish this by treating such parameters as variables in the model and iteratively solving for them until a specified stopping point (usually until adjustments make virtually no difference in the sum-of-squares). Finally, any model of dark adaptation based on a theoretical or biological construct that can be expressed mathematically can be estimated using this technique. The nonlinear regression technique was implemented in SAS (SAS Institute, Cary, NC). (Fig. 3) , consistent with prior studies on steady-state absolute threshold in older adults (Sturr et al., 1997; Jackson et al., 1998) .
The two-exponential model yielded similar results. Because this model failed to converge for five subjects, analyses on the parameters from this model were performed on 89 subjects. The rod-cone break increased at a rate of 43.6 s/decade (r = 0.58, F [1,87] = 44.57, P B 0.0001). The time constant of the rod-mediated phase of dark adaptation increased at a rate of 20.4 s/decade (r= 0.25, F [1,87]= 5.97, P B0.02).
Although older subjects (\49 years) did not have geographic atrophy or choroidal neovascularization, the analysis of fundus photographs indicated that onethird of older subjects had one or more drusen of ]63 mm and /or focal hyperpigmentation. A question is whether the dark adaption change reported here are Fig. 3 . A scatterplot of baseline scotopic sensitivity, prior to exposure to the bleaching light, as a function of age. Subjects adjusted to darkness for 30 min before sensitivity was measured. Thresholds were corrected for lens density, and pupil diameter was 6 mm. (see text). Baseline scotopic sensitivity decreased by 0.07 log unit per decade. Fig. 4 . A scatter plot of lens density index as a function of age. The lens density index was calculated using Sample et al. (1988) method. Lens density increased at the rate of 0.12 LDI per decade.
aging underlies this delay, as indicated by the increased time constant of the second and third components of rod-mediated dark adaptation in the older subjects (Leibrock et al., 1998) . Our finding that the time constant of rhodopsin regeneration increases with age as estimated psychophysically is consistent with results obtained by rod densitometry (Liem et al., 1991) .
Several alternative explanations of older adults' slowed rate of rod-mediated dark adaptation can be ruled out. Older adults were refracted for the test distance and viewed with best correction during testing, and thus optical blur from presbyopia at the near viewing distance was minimized if not eliminated. Furthermore, even if operative, blur may elevate thresholds but could not account for a rightward shift (i.e. delay) in the dark adaptation function. Similarly, one might argue that older adults' increased reaction time (Birren & Botwinick, 1955) could elevate threshold estimates because the window of time for responding was brief; this reaction time problem would become more exaggerated with fatigue during later stages of the procedure. However, at the end of the procedure all subjects were within 0.3 log units of their baseline, pre-bleach threshold (measured at the start of the procedure). In addition, final thresholds for older adults in our sample were highly similar to absolute thresholds for older adults as reported by Sturr et al. (1997) who used a criterion-free psychophysical method.
A second noteworthy aspect of our data is older adults' threshold elevation throughout the entire time course of dark adaptation. This is obvious in Fig. 1 as a y-axis shift upward in the entire function with increasing decade. As discussed previously, decreased retinal illuminance in the older eye, due to pupillary miosis and increased light absorption by the lens, cannot account for the impaired sensitivity reported here since these factors were either taken into account in analyses or controlled. One potential explanation is that changes in gain control mechanisms in the retina and cortex during the aging process cause scotopic threshold elevations. This possibility deserves further examination in light of recent findings that ganglion cell density decreases during aging (Gao & Hollyfield, 1992; Curcio & Drucker, 1993) and that post-receptoral visual function changes in late adulthood (Porciatti, Burr, Morrone & Fiorentini, 1992; Trick, Nesher, Cooper & Shields, 1992; Muir, Barlow & Morrison, 1996; Schefrin, Bieber, McLean & Werner, 1998) .
Recently a model of the molecular basis of dark adaptation has been described that may help clarify the mechanism responsible for slowed rhodopsin regeneration in the older retina (Leibrock et al., 1998; . In this model the hydrolysis of metarhodopsin-II-Arr is the rate-limiting mechanism during the second component of rod-mediated dark adaptation. For normal recycling of rhodopsin to ocassociated with the presence of drusen or hyperpigmentation. To assess this question, the dark adaption parameters of those adults over 49 years old whose retinas had one or more drusen ( ]63 mm) and/or focal hyperpigmentation (n =21) (i.e. grade 2) were compared to those who did not show these signs (n = 45) (i.e. grade 0 or 1). No differences between the two groups were found in the rod -cone break, rate of recovery during the second or third component, time to baseline, or baseline sensitivity (F[1, 44 Estimated lens density increased with age at a rate of 0.12 LDI/decade ( Fig. 4 ; r =0.48, F[1,92]=27.92, P B 0.0001). Adults over 59 years old exhibited a mean LDI of 1.20 which is consistent with LDI values of normal older adults in the literature (Jackson et al., 1998; Sample et al., 1988) .
Discussion
These results demonstrate that older adults experience substantial delays in adapting to darkness. For older adults in their 70s, the transition point in the dark at which the rod system takes over is delayed almost 2 1/2 minutes, as compared to those in their 20s. The time taken for 70-year-olds to reach pre-bleach light sensitivity is over 10 min longer than for those in their 20s. Slowing in the ability to dark adapt could hamper older adults' performance of visual activities of daily living which rely on time-critical decisions and actions, such as driving, mobility, and workplace tasks, issues worthy of further investigation. Furthermore, these results indicate that a slowing of the visual cycle during cur, a sufficient quantity of 11-cis-retinal, a metabolite of vitamin A, must be available to the rod outer segment. If the rate of translocation or the availability of 11-cis-retinal from the Bruch's membrane/retinal pigment epithelium (RPE) complex to the rod outer segment is diminished, rhodopsin regeneration is slowed. This effect has been demonstrated in vitamin A deficient patients for whom vitamin A supplementation increased the rate of sensitivity recovery during the second component of dark adaptation (Cideciyan, Pugh, Lamb, Huang & Jacobson, 1997) . It is relevant to note that during aging there are changes in the Bruch's membrane/RPE complex, that could theoretically impair the visual cycle. Bruch's membrane thickens with age (Grindle & Marshall, 1978; Pauleikhoff, Harper, Marshall & Bird, 1990; Bird, 1992) , and its hydraulic conductivity decreases (Moore, Hussain & Marshall, 1995) . These alterations may serve as barriers that limit the pool of vitamin A available to the RPE or may slow the transduction of 11-cis-retinal to the rod outer segment from the RPE. In addition, lipofuscin accumulates in the RPE with age (Dorey, Wu, Ebenstein, Garsd & Weiter, 1989 ). An issue worthy of further study is whether these changes in the Bruch's membrane/RPE complex cause slowed rhodopsin regeneration in the older retina. If indeed this is the case, it would be useful to determine the biological plausibility of nutritional interventions to alleviate dark adaptation delays in older adults.
In summary, this study indicates for the first time that the rate of rod-mediated dark adaptation declines with age in adults who are free from ocular disease. Older adults require significantly more time to recover light sensitivity in the dark than do younger adults. Our results suggest a neural basis for older adults' difficulties with night-time activities, namely a slowing of rhodopsin regeneration. To what extent this slowing in the visual cycle of older adults can be reversed remains to be determined.
